Josephson inductance as a probe for highly ballistic
  semiconductor-superconductor weak links by Baumgartner, Christian et al.
Josephson inductance as a probe for highly ballistic semiconductor-superconductor weak links
Christian Baumgartner,1 Lorenz Fuchs,1 Linus Frész,1 Simon Reinhardt,1 Sergei Gronin,2, 3
Geoffrey C. Gardner,2, 3 Michael J. Manfra,4, 3, 5, 6, 2 Nicola Paradiso,1, ∗ and Christoph Strunk1
1Institut für Experimentelle und Angewandte Physik, University of Regensburg
2Microsoft Quantum Purdue, Purdue University, West Lafayette, Indiana 47907 USA
3Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907 USA
4Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907 USA
5School of Materials Engineering, Purdue University, West Lafayette, Indiana 47907 USA
6School of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47907 USA
We present simultaneous measurements of Josephson inductance and DC transport characteristics of ballistic
Josephson junctions based upon an epitaxial Al-InAs heterostructure. The Josephson inductance at finite current
bias directly reveals the current-phase relation. The proximity-induced gap, the critical current and the average
value of the transparency τ¯ are extracted without need for phase bias, demonstrating, e.g., a near-unity value
of τ¯ = 0.94. Our method allows us to probe the devices deeply in the non-dissipative regime, where ordinary
transport measurements are featureless. In perpendicular magnetic field the junctions show a nearly perfect
Fraunhofer pattern of the critical current, which is insensitive to the value of τ¯ . In contrast, the signature of
supercurrent interference in the inductance turns out to be extremely sensitive to τ¯ .
Epitaxial semiconductor-superconductor hybrids [1, 2]
have provided an important platform for new types of de-
vices including basic elements for topological quantum com-
puting [3]. The epitaxial growth enabled a new generation of
proximity-coupled Josephson junctions (JJs) that constitutes
an unique playground in modern condensed matter physics
research. In such junctions, the relation I(ϕ) between su-
percurrent I and phase difference ϕ between superconduct-
ing leads encodes information on the rich physics of An-
dreev bound states (ABS) [4–6]. Particularly exciting phe-
nomena emerge in the presence of strong spin-orbit inter-
action as, e.g., for InAs-based junctions [7–9]. Topologi-
cally protected phases have been predicted [10–13] and re-
cently demonstrated [14, 15]. Moreover, simultaneous break-
ing of both time-reversal and parity symmetry [16] leads to an
anomalous shift in the current phase relation [17–20], so that
the junctions exhibit finite phase difference at zero-current,
and vice versa.
Current-voltage [I(V )] characteristics of single junctions
are simple to measure, but do not provide access to the
current-phase relation (CPR) . Typically, an asymmetric
SQUID [21–23], or a local probe of the magnetic field [24–
26] is needed to access the phase bias. Alternatively, the phase
dependence of the Josephson inductance L(ϕ) = [(2pi/Φ0) ·
dI(ϕ)/dϕ]−1 has been measured using a superconducting mi-
crowave resonator [27–29]. However, such resonators are usu-
ally not compatible with high magnetic fields. Alternatively,
it should be possible to investigate the non-linear inductance
L(I) that is obtained by eliminating the unknown phase from
the two equations I(ϕ) and L−1(ϕ). This route seems so far
nearly unexplored in the context of proximity-coupled JJs. In
addition, measurements of individual multichannel junctions
are always affected by the sample-specific defect configura-
tion, which tends to mask the underlying generic properties of
the specific semiconductor material. Hence a method is de-
sirable, which provides an average over a large ensemble of
junctions, in which the effects of individual defect configura-
InAs 
2.50 2.75 3.00 3.25
0
1
2
3
 s
ig
n
a
l 
s
q
u
a
re
d
 (
1
0
-1
1
 V
2
)
frequency (MHz)
 0
 1.0
 1.3
 1.4
 1.5
 1.6
IDC (µA)
(a)
(c)
(b)
RD2RD2
RD3 RD4
C0
L0
R0
LR
Etched 2DEG
Al
Etched 2DEG
110
110
Au (gate)
Al
InGaAs
InGaAs
InAlAs
(d) (e)
AlOx
sample
V
Vg
FIG. 1. (a) Schematic of the Josephson junction array. The actual
array is made of 2250 Al islands. (b) Scanning electron micrograph
of a portion of the array, taken prior to the deposition of the gate
dielectric and of the global top-gate. (c) Sequence of the topmost
layers for the heterostructure under study. The Al oxide and the Au
layer have been lithographically deposited after the wafer growth.
(d) RLC resonance spectra for different values of the DC current
through the array of Josephson junctions, measured at T = 500 mK.
(e) Circuit scheme of the cold RLC resonator used in this work.
tions have negligible effect.
In this Letter we report on both the Josephson inductance
and the DC transport characteristics of a linear array of about
2250 individual junctions. We show that the dependence of
the Josephson inductance on current bias, magnetic field and
temperature is quantitatively understood in terms of the short
ballistic junction model. From the data, we deduce an aver-
age transparency very close to one. We infer also the induced
superconducting gap and the number of channels carrying the
supercurrent. As opposed to the critical current, the quan-
tum interference pattern in the inductance is very sensitive
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2to the transparency. We find perfect consistency between the
DC-current and magnetic field dependence of the inductance.
Our method provides a simple, versatile and robust access to
the ABS physics in multi-channel unconventional Josephson
junctions.
Our samples are fabricated starting from a heterostructure
based on a 7 nm-thick Al film epitaxially grown on top of
a InGaAs/InAs quantum well [see Fig. 1(a,c)], producing a
shallow 2D electron gas (2DEG) [30]. The whole array is
covered with a 40 nm-thick aluminum oxide layer and with
a 5 nm Ti/120 nm Au metal film used as a global top-gate.
The 2DEG underneath the epitaxial Al film is proximitized,
with an induced gap ∆∗ ≈ 140 µeV, as determined by tun-
nel spectroscopy using a quantum point contact prepared on a
separate chip from the same wafer (similar as in Ref. [31]).
A JJ array of about 2250 islands is produced by standard
lithographic techniques. The island width, length and sepa-
ration is 3.15, 1.0 and 0.10 µm, respectively. The Joseph-
son inductance of such a large number of junctions in series
produces a sizable total inductance, of the order of hundreds
of nH. This latter is measured from the resonance frequency
shift [32] [see Fig. 1(d)] of a cold RLC circuit, sketched in
Fig. 1(e), mounted directly on the sample holder [30]. Fig-
ure 1(d) shows typical resonance spectra for different values
of the DC current bias at 500 mK. By automated fitting, we
extract the center frequency and thus the array inductance L,
which is reported in what follows.
The Josephson inductance is computed starting from the
time-derivative of the CPR I = I0 f (ϕ), where I0 is the char-
acteristic current scale [33], ϕ is the phase difference between
the superconducting leads and f (ϕ) a 2pi-periodic dimension-
less function (e.g., f (ϕ) = sinϕ for a tunnel junction). The
ratio of Josephson voltage V = h¯ϕ˙/2e and time-derivative of
the CPR defines the Josephson inductance
L(ϕ) ≡ V
I˙
=
Φ0
2piI0 f ′(ϕ)
. (1)
Integration of LI˙ = Φ0ϕ˙/2pi provides a reconstruction of the
(inverse) CPR ϕ = ϕ(I):
ϕ(I) = ϕ(0)+
2pi
Φ0
∫ I
0
L(I′)dI′, (2)
where L(I) is the measured inductance as a function of the
DC current bias. We stress that here the phase difference is
controlled by the current bias, as opposed to the asymmetric
SQUID method where ϕ is controlled by the magnetic flux in
the loop.
Solid lines in Fig. 2(a) show the Josephson inductance mea-
sured as a function of current bias at different temperatures.
We notice that an increase of temperature produces an in-
crease of the zero-bias inductance L(0). This is further in-
creased by a finite current bias. In order to quantitatively de-
scribe our data, we made use of the CPR for short ballistic
junctions at arbitrary temperature, which is given by [5, 6, 34]
I(ϕ) = I0 f (ϕ) = I0
τ¯ sinϕ tanh
[
∆∗
2kBT
√
1− τ¯ sin2 (ϕ2 )]
2
√
1− τ¯ sin2 (ϕ2 ) , (3)
where ∆∗(T ) is the induced superconducting gap of the prox-
imitized 2DEG and τ¯ is the average transmission coefficient.
Note that I0 corresponds to the critical current only for τ¯ = 1
and T = 0. We shall show that all our results are very well
described by Eq. 3, even though our 2250 junctions are in the
multichannel regime. The accessible part of the CPR I(ϕ)
corresponding to the data in Fig. 2(a) is obtained using Eq. 2
and plotted in Fig. 2(c). In order to better compare the current
dependence of the curves in Fig. 2(a) with that expected from
Eq. 3, we plotted them in a normalized form in Fig. 2(d). This
graph shows L(0)/L(I) plotted as a function of 2piL(0)I/Φ0.
This normalization allows us to express the results in a form
that is sensitive only to the shape of the CPR (i.e., to τ¯) and not
to its prefactor I0. In Fig. 2(d) we observe that an increase of
temperature produces an increase of curvature for L(I). The
solid and dash-dotted black lines represent the limiting cases
for τ¯→ 1 and τ¯→ 0 in Eq. 3, respectively. The lowest temper-
ature curve (T = 100 mK) matches with τ¯ = 0.94. The other
important parameter I0 = 5.882 µA is then obtained from the
L(0) value at the same temperature using Eq. 1 with τ¯ = 0.94.
The temperature dependence of the Josephson inductance
provides the induced gap ∆∗. By fitting the measured values
of L(0) versus T , shown in Fig. 2(b), it is possible to extract
the last two parameters of our problem, namely the Al gap ∆Al
and the barrier parameter γB between Al film and 2DEG. As
discussed in Ref. [35], these two parameters determine [36–
38] the temperature dependence of the induced gap ∆∗ (see
discussion in the Supplementary Material [30]). The fit in
Fig. 2(b) (red line) provides the values ∆Al = 180 µeV and
γB = 1.0. Alternatively, ∆Al can be estimated from Tc [30],
leaving γB as the only fitting parameter. In this case the fit
[blue line in Fig. 2(b)] underestimates L(0) at higher tempera-
ture. In both cases, we obtain ∆∗(0)≈ 130 µeV, in agreement
with the value found in tunneling tests mentioned above.
Inserting the four parameters τ¯ = 0.94, I0 = 5.882 µA,
∆Al = 180 µeV and γB = 1.0 just determined into Eq. 3, we
obtain a consistent quantitative description of our whole set of
data. We begin with Fig. 2(a). Without adjustment, the dashed
lines perfectly match the curvature of L(I) up to the appear-
ance of the upwards kinks, marked with arrows. These kinks
correspond to some weak junctions in the array with reduced
critical current. At moderate bias their inductance is negligi-
ble compared to that of the other two thousand junctions in
series. However, when the current approaches their reduced
critical current value, their inductance sharply increases un-
til it becomes dominant. At the same time, the resistance
quickly increases and damps out the resonance [30]. The
kinks become discontinuities at the lowest temperatures [res-
onance damped within one experimental point in Fig. 2(a)],
indicating that there are only a few of such weaker junctions.
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FIG. 2. (a) Josephson inductance L versus current bias I measured for different temperatures from 100 to 900 mK (solid lines). Dashed lines
show L computed from Eq. 3 with parameters I0 = 5.882 µA, τ¯ = 0.94, ∆Al = 180 µeV and γB = 1.0 (see text). (b) Zero-bias inductance
L(0), normalized to Φ0/(2piI0), plotted versus temperature (symbols), together with the prediction from Eq. 3 for (red curve) ∆Al = 180 µeV,
γB = 1.0 and (blue curve) ∆Al = 220 µeV, γB = 1.7. (c) CPR curves obtained by integrating data in panel (a) using Eq. 2. (d) Symbols show
a normalized representation of data in panel (a) (see text). Lines show the prediction of the T = 0 limit of Eq. 3 for selected values of the
transparency τ¯ . (e) L(I) at T = 100 mK plotted for different gate voltage values Vg (solid lines), together with the computed L(I) from Eq. 3
(dashed lines).
Their reduced critical current sets the highest current at which
the inductance can be measured, which is markedly less than
I0 found at equilibrium with inductance measurements. This
limits the accessible fraction of the CPR as shown in Fig. 2(c).
Once the relevant CPR parameters have been found, it is
possible to further validate our analysis by investigating the
dependence of L on other parameters. Figure 2(e) shows how
the measured finite-bias L(I) (solid lines) depends on the gate
voltage Vg. At a first glance, the curves resemble those in
Fig. 2(a), i.e., L increases by increasing |Vg| and |I|. There is,
however, an important difference: in Fig. 2(e) the curvature
is barely affected by the gate voltage, indicating that what is
altered is just the prefactor I0 and not the shape of the CPR.
In fact, the simplest interpretation of the impact of |Vg| is that
it changes the number of transverse channels N that carry the
supercurrent, while τ¯ stays constant. This alters the prefactor
I0(Vg) which is given by
I0(Vg) =
e∆∗
h¯
N(Vg), (4)
Using Eqs. 3 and 4, we extract N(Vg) versus gate voltage from
the data in Fig. 2(e) and obtain N(0) = 187 atVg= 0. Also, we
have determined the Fermi wavelength λF by an independent
Hall measurement on a different chip from the same wafer,
with the Al film fully removed. If we assume that the electron
density in the quantum well remains unchanged after strip-
ping the Al film, the number of transverse channels deduced
from λF is roughly four times N(0) [30]. This observation is
consistent with the measured value of I0, if the distribution of
channel transparencies is bimodal with 1/4 of highly and 3/4
of weakly transmissive channels [30]. The latter contribute lit-
tle to both I(ϕ) and L. Such a bimodal distribution of highly
and weakly transmissive channels has been observed also in
Refs. [39, 40]. Changing Vg to -2.0 V depletes the channel
just by 25%, because the junctions are effectively screened by
the Al islands. At Vg <−2.0V the weakest junctions become
resistive and spoil the quality factor.
A hallmark of the Josephson effect and an important indi-
cator for junction homogeneity is the modulation of the criti-
cal current Ic(B⊥) by quantum interference in a perpendicular
magnetic field B⊥. Figure 3(a) shows the JJ array resistance
measured in DC as a function of B⊥ and I at T = 100 mK.
The diffraction pattern Ic(B⊥) is visible as the boundary be-
tween near-zero and finite resistance regions. It matches
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FIG. 3. (a) Color plot of the differential resistance plotted as a func-
tion of perpendicular magnetic field B⊥ and current bias. The dashed
yellow line shows the expected critical current Ic(B⊥) for a rectangu-
lar junction with effective length a= 960 nm and width w= 3.15µm,
see inset. (b) Zero-bias Josephson inductance L as a function of B⊥
for the central lobe in the diffraction pattern (symbols) together with
the curves deduced from Eq. 3 for τ¯ = 0.94 (red), τ¯ → 1 (blue) and
τ¯→ 0 (green). For the latter curve, the parameter I0 has been rescaled
by a factor 2.06 to match the measured zero-field inductance [30].
the Fraunhofer pattern well known from tunneling junctions:
Ic(B⊥) = Ic(0)|sin(piΦ/Φ0)/(piΦ/Φ0)|. This is not by acci-
dent: the normalized diffraction pattern Ic(B⊥)/Ic(0) calcu-
lated from Eq. 3 by integrating the current density over the
width of the junctions turns out to be independent of τ¯ [30].
The period of the diffraction pattern is determined by the
flux Φ = awB⊥ within the effective junction area, where w
and a are width and effective length, respectively. From the
lobe periodicity in Fig. 3(a) we find a = 960 nm. This is
close to the period a0 = 1.1µm of the array [41]. At B⊥ = 0,
most JJs switch to normal resistance at current bias of 2.4 µA,
which is considerably less than I0 = 5.88µA determined near
equilibrium from inductance measurements. The reason for
the discrepancy is once again the presence of weaker junc-
tions. Once they switch to normal resistance, their dissipation
heats the remaining junctions, leading to a runaway process
that rapidly brings the whole array into the normal state.
In order to substantiate our evaluation of the average trans-
parency τ¯ against yet another observable, we turn now to the
dependence of the zero bias Josephson inductance on B⊥. In
contrast to the critical current, the diffraction pattern in L turns
out to be very sensitive to τ¯ . This is demonstrated in Fig. 3(b),
displaying the measured inductance L(B⊥) for the central lobe
(symbols) together with the expectation for L(B⊥) (red solid
line) using the CPR in Eq. 3. Without further adjustment of
the previously determined parameters I0, τ¯ and a, we find
an excellent agreement that corroborates our analysis. The
green and blue curve show instead the limiting cases of per-
fect opacity (τ¯→ 0, sinusoidal CPR, green curve) and perfect
transparency (τ¯ → 1, blue curve) case, respectively. For the
latter cases, the value of I0 has been rescaled to obtain the cor-
rect value of zero-field inductance. It is clear that, even then,
CPRs with values of τ¯ 6= 0.94 cannot reproduce the experi-
mental data. Instead, Eq. 3 with τ¯ = 0.94 correctly describes
not only the equilibrium L(B⊥), but also the curves for finite
current bias [30].
In conclusion, we have shown that the Josephson induc-
tance is a sensitive and versatile probe of the Andreev spec-
trum in short ballistic SNS junctions. The temperature,
bias, gate voltage, and perpendicular field dependence of the
Josephson inductance can be quantitatively described in terms
of a short ballistic weak link with nearly perfect transmission.
Inductance measurements enable the direct determination of
the induced gap and of the junction transparency. Our experi-
mental scheme can be easily combined with standard DC se-
tups and allows for a simultaneous measurement of DC trans-
port properties.
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6Supplemental Material: Josephson inductance as a probe for highly ballistic
semiconductor-superconductor weak links
WAFER GROWTH AND SAMPLE FABRICATION
The layer sequence of the hybrid heterostructure under
study is depicted in Fig. S1(a). Between the top 10 nm-thick
In0.8Ga0.2As barrier and the in situ-grown epitaxial Al layer
there are two monolayers of GaAs.
The quantum well was studied in a top-gated hall bar ge-
ometry, on a test sample fabricated from the same wafer. Here
the Al film was etched selectively and the laid open area was
covered with a 40 nm aluminum oxide layer and a Au film as
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FIG. S1. (a) Growth sequence for the heterostructure under study,
with the correct stoichiometry and layer thickness. The 2DEG is
located near the InAs layer. (b) Gate voltage dependence of the Fermi
wavelength, measured via a Hall measurement on a test Hall bar from
the same wafer used to produce the Josephson junction arrays.
top-gate. A maximum mobility of 22000 cm 2/Vs is observed
at density n = 0.5 · 1012 cm−2 for gate voltage Vg = −1.8 V,
resulting in a mean free path length `e ≈ 270 nm. The gate
dependence of the electron density allows us to deduce that of
the Fermi wavelength, shown in Fig. S1(b).
The Josephson junction array was fabricated by defining
a 3.15 µm-wide mesa by electron beam lithography and a
standard (orthophosphoric acid : citric acid : hydrogen per-
oxide : distilled water = 1.2 : 22 : 2 : 88) wet etching solu-
tion. Such etching step completely removes the 2DEG out-
side the mesa. In the following step, the gaps between Al
islands have been selectively etched using the etchant type D
from Transene Company. The entire array was covered with a
40 nm aluminum oxide layer via atomic layer deposition and
a 5 nm Ti/120 nm Au metal layer operating as a top-gate.
RLC CIRCUIT DESIGN
To detect small inductances at low temperature, we have
designed a circuit based on a cold RLC resonator, integrated
directly on the sample holder and connected to a cold ground,
which allows us to extract the sample inductance from the res-
onance frequency. This scheme is an adaptation of the setup in
Ref. [32], here implemented using digital lock-in amplifiers,
which allow us to obtain the full resonance spectrum, and thus
to accurately determine not only the center frequency (and
thus the inductance), but also the quality factor, from which
we deduce the effective resistance. Importantly, in the range
of parameters chosen for our RLC circuit, the total resistance
of the tank circuit must be kept below few ohms in order to
obtain a sufficiently high Q-factor. This is four orders of mag-
nitude less than the normal resistance RN = 157 kΩ of the ar-
ray. Therefore, all the inductance measurements here reported
are performed in a nearly perfectly dissipationless transport
regime.
The choice of the RLC circuit parameters needs to keep into
account the expected inductance to be measured, the total re-
sistance and the available frequency range. Figure S2 shows
the idealized circuit, where for simplicity we ignore the volt-
age probe lines. The cold part of the circuit is highlighted with
a dashed blue line. The resistors R1, R2 are used to decouple
the resonator from the cryostat cables. In this way, the center
frequency and width of the resonance peak in the spectrum
only weakly depend on the relatively large stray reactance of
the cryogenic wiring. As long as the resistances R1, R2 are
sufficiently high (that is, higher than the resonance impedance
of the tank, see below), the resonator shall behave as a series
RLC circuit, since in this case the only relevant resistance Rs is
placed in series to both inductance and capacitance. Rs, in se-
ries to the resonator, includes the sample resistance R plus the
resistance R0 of the entire resonating circuit. This latter is the
sum of coil resistance, resistance of bonding wires and con-
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FIG. S2. Sketch of the model circuit. The coax wires represent the
cryostat cables. The part within the dashed blue line is the cold sec-
tion of the resonant circuit. The total inductance LT is given by the
sum of coil inductance L0 and the sample kinetic inductance L. The
capacitance C0 is chosen in order to produce the highest resonance
frequency compatible with the available electronics (≈ 4 MHz in our
case). The resistors R1 and R2 decouple the resonator from the rest
of the cryostat. If their parallel resistance is much bigger that the
resonance impedance Zm of the resonator, then the resonator can be
considered in good approximation a series RLC, with resonance fre-
quency f0 = (2pi
√
LTC0)−1, Q-factor Q = R−1s
√
LT /C0, and res-
onance impedance Zm = RsQ2. In order to observe a well defined
resonance peak, we seek for a Q-factor bigger than one. This limits
the maximum tolerable Rs.
tact resistance between bonding wire and epitaxial aluminum.
Apart from the sample contribution, in our case Rs ≈ 0.3 Ω.
The capacitor C0 also isolates the cold ground from the
source contacts at low frequencies, allowing for DC measure-
ments. The inductance L0 is obtained from a home-made Cu
coil. The total inductance LT is given by the sum of an ex-
ternal inductor L0 plus the interesting Josephson inductance
L. The product of typical LT and capacitance C0 is chosen in
such a way to keep the center frequency f ≡ 1/2pi√LTC0 of
the resonance peak of the order of 4 MHz, that is, compatible
with the range of our electronics (Zurich MFLI lock-in, with
maximum frequency of 5 MHz).
A parameter of interest is the sensitivity S, which we define
as
S≡ δ f
∆ f
,
where δ f is the tiny frequency shift produced an inductance
change δL. For a series RLC circuit the Q-factor is
Q=
1
Rs
√
LT
C0
. (S.5)
Therefore the sensitivity is
S=
∂ f
∂L
δL
1
∆ f
=
pi f0
Rs
δL, (S.6)
where it is clear that, once f0 is given, the sensitivity will only
depend on Rs. This is valid as long as Eq. S.5 is valid, i.e.,
in the limit that the parallel resistance of the input resistors
R1 and R2 (plus those in front of the voltage probe lines if
present) is much bigger than the peak impedance of the tank,
see below.
In order to observe a resonance peak in the first place, the
resonator must be underdamped, that is, Q 1. This means
that LT  Rs/ω0. This sets a lower limit for L0. Increasing
arbitrarily L0, however, does not help improving S, since this
latter is independent on the inductance once f0 is fixed. Also,
an increase in L0 is in general accompanied by an increase in
Rs, since most of the resistance comes from the inductor. The
design of the inductor has therefore to produce a sizable in-
ductance with the smallest possible resistance and without a
ferromagnetic core that would be incompatible with measure-
ments in magnetic field. Therefore, we used a thick home-
made coil starting from a pure Cu wire.
Let us now consider the condition for the external resis-
tors R1 and R2. They will effectively decouple the resonator
from the external cables if the maximum impedance Zm of the
resonator (e.g. at the resonance) is much smaller than the par-
allel Rp of R1 and R2 (and eventually the resistors in front of
the voltage probe lines). In this limit Eq. S.5 is valid and the
circuit behaves as a series RLC circuit. For this kind of circuit
the maximum tank impedance is
Zm = RsQ2 =
L
RsC0
=
4pi2 f 2L2
Rs
. (S.7)
Assuming LT ≈ 600 nH, Rs = 0.3 Ω and f0 = 3 MHz we ob-
tain at the resonance that Zm ≈ 400 Ω. For this reason, the de-
coupling resistors have been chosen to have 1 kΩ resistance.
DISSIPATION AND Q FACTOR
As mentioned in the main text, the resonant spectrum of the
RLC circuit provides not only the sample inductance (from
the center frequency of the resonance peak) but also the cir-
cuit resistance (from the Q factor). An an example, Fig. S3
shows the Q factor (panel (a)) and the resistance Rs (panel (b))
of the resonant circuit, measured together with the finite-bias
Josephson inductance at T = 500 mK. In this case, Q is com-
puted directly from the resonance width, while Rs is assumed
to be Rs = Q−1
√
(L+L0)/C0, where L0 is the external in-
ductance in series, L is the Josephson inductance andC0 is the
capacitance of the tank. An upper limit to the Q factor is given
by (i) the residual resistance of the RLC tank (mostly due to
the coil resistance) and (ii) the fact that the circuit can be ap-
proximated as a series RLC as long as Zm is much smaller
that the parallel of all the resistors RD1–RD2. In the case of
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FIG. S3. (a) The graph shows the finite-bias Josephson inductance
L(I) (obtained from the center frequency of the resonance spectrum)
together with the measured Q factor (obtained from the width of the
resonance peak). Notice that at low bias the Q factors saturates to
a maximum value of nearly 30. (b) Circuit resistance Rs calculated
from the Q factor in the limit of a RLC circuit in series. As explained
in the text, such limit is not strictly valid for low sample dissipation,
therefore the saturation value at low current bias slightly overesti-
mates Rs.
Fig. S3, for low current bias (and thus very low Rs) the par-
allel resistance of four 1 kΩ resistors (250 Ω) is comparable
or even lower than Zm. This means that in this regime, a fur-
ther reduction of the resistance in series to the sample would
not improve the Q factor. In this sense, our system is close
to its optimum. Indeed, the choice of the resistors in series
is made precisely with this aim: once Rs has been reduced as
much as possible, the parallel resistance of the decoupling re-
sistors must be of the order of the maximum Zm. If they are
larger, they would reduce the input signal without gain in the
Q factor; if they are smaller, this will suppress the Q factor.
DETERMINATION OF THE EXTERNAL INDUCTANCE L0
As discussed in the main text, it is important to experi-
mentally determine the external inductance (mostly given by
the home-made copper coil) L0 with a calibration measure-
ment. This calibration was performed just before the sample
cool-down. To this end, we used the very same circuit, with
an identical chip-carrier, whose source and drain pins were
shorted with a bonding wire. From the center frequency of the
resonance peak we deduced L0 = 382 nH. Therefore, through-
out this work the Josephson inductance L is taken as the dif-
ference between the measured total inductance LT (deduced
from the center frequency of the resonance curve via auto-
mated fit) and L0. We quantified possible sources of residual
discrepancies between (LT − L0) and L: it turns out that the
main discrepancy is due to the kinetic inductance of the epi-
taxial Al leads. For our Al-film thickness and lead geome-
try we estimate that such kinetic inductance is of the order of
few nH which is compatible with the scatter of the experimen-
tal points.
PERPENDICULAR MAGNETIC FIELD DEPENDENCE
A peculiar feature of the current-phase relation (CPR) of
short ballistic junctions is that the maximum supercurrent Ic
as a function of the perpendicular field B⊥ is almost perfectly
independent on the shape of the CPR, expressed, e.g., by
the transparency τ¯ . As a reference, Fig. S4 shows as a
dashed-black curve Ic(B⊥)/Ic(0) for the CPR considered in
the main text (Eq. 3 with τ¯ = 0.94, T → 0) with junction size
w =3150 nm × a = 960 nm. As a comparison, the green
curve corresponds to the tunnel limit for the same junction
size (τ¯ → 0, Ic(B⊥)/Ic(0) = |sin(piΦ/Φ0)/(piΦ/Φ0)|). The
two curves are indiscernible, and this holds for any value of τ¯ .
On the other hand, the Josephson inductance L does depend
on the CPR shape, being L proportional to the derivative of
the inverse CPR. In order to calculate L(B⊥) we start from
the CPR in Eq. 3, I = I0 f (ϕ). As in the textbook case of
a rectangular junction in perpendicular field, we consider a
local phase difference
ϕ(x) = γ+
(
2piaB⊥
Φ0
)
x, (S.8)
where x is the position along the junction width, γ is the
gauge-invariant phase difference between the superconduct-
ing leads and the linear term comes from the vector potential
of a constant perpendicular field. The current is obtained by
integrating the CPR over the junction width
I =
∫ w
0
(I0/w) f (ϕ(x))dx≡ I0g(γ,B⊥), (S.9)
where in the last step we defined the function g(γ,B⊥), which
is the average of f over [0,w] (we are assuming here that the
junction is homogeneous). The bias dependence of γ = γ(I)
is found by inverting the CPR in Eq. S.9 at a given B⊥. The
value of the inductance is therefore
L(B⊥) =
h¯
2eI0
(
∂g
∂γ
)
γ=γ(I)
, (S.10)
9where the dependence on B⊥ is implicit in g and γ .
Figure S5(a) shows L(B⊥) computed for several values of
τ¯ . Unlike the critical current Ic, the Josephson inductance
diffraction pattern clearly depends on τ¯ , in particular close
to the perfect transparency.
Figure S5(b) reproduces the curves of Fig. 3(b) of the main
text, with an important addition. Here, we try to fit the experi-
mental L(B⊥) curve with a sinusoidal CPR, leaving a as a free
parameter (green-dashed line). It is clear that, besides pro-
ducing a a value incompatible with the DC Fraunhofer pattern
(a = 548 nm), the sinusoidal CPR cannot suitably reproduce
the experimental data.
Finally, the CPR in Eq. 3 correctly reproduces not only the
zero-bias L(B⊥) curve, but also the same curve at finite cur-
rent bias. This is shown in Fig. S5(c) (computed curves) and
Fig. S5(d) (experiment). In particular, it is correctly repro-
duced the very weak dependence on the bias for small and
moderate current bias.
TEMPERATURE DEPENDENCE OF THE INDUCED
SUPERCONDUCTING GAP
The calculation of the temperature dependence of L(0) re-
quires that of the induced gap ∆∗. This latter does not follow
the dependence expected from the BCS theory. ∆∗(T ) and
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FIG. S4. Perpendicular magnetic field dependence of the maximum
Ic of the current-phase relation (CPR) normalized to its zero-field
value for (dashed black curve) the CPR of Eq. 3 of the main text
with τ¯ = 0.94 and for (green curve) the tunnel limit Ic(B⊥)/Ic(0) =
|sin(piΦ/Φ0)/(piΦ/Φ0)|, corresponding to τ¯ → 0 and T → 0. The
junction is assumed to be rectangular with length a = 960 nm and
w = 3.15 µm. The two curves are hardly discernible, and this holds
true for any value of τ¯ .
∆Al(T ) are related via [35–38]
∆∗(T )≈ ∆Al(T )
1+ γB
√
∆2Al(T )−∆∗(T )/(pikBTc)
(S.11)
where ∆Al(T ) is the BCS-like temperature dependence of the
parent superconductor, and γB parametrizes the transparency
between epitaxial Al film and 2DEG (γB = 0 for perfect verti-
cal transparency, the larger γB, the larger the barrier). ∆∗(T ) is
calculated from Eq. S.11 and then plugged in the CPR equa-
tion (Eq. 3 of the main text) to obtain the Josepshon induc-
tance L.
In the main text, we first fit the zero-bias L as a function
of T using two parameters, namely ∆Al(0) and γB. In this
case the fit nicely matches all the experimental points and we
obtain ∆Al(0) = 180 µeV and γB = 1.0.
Alternatively, we determine ∆Al(0) from the critical tem-
perature, which is in turn deduced from a R(T ) measurement,
shown in Fig. S6. Our criterion for Tc is R(Tc) = 0.5RN , where
RN is the normal resistance. From the graph in Fig. S6 we de-
duce Tc = 1.44 K, which implies (assuming here a BCS rela-
tion) ∆Al(0) = 1.764kBTc = 220 µeV. With ∆Al(0) fixed, our
fit procedure has only one parameter left, namely γB (best fit
γB = 1.7). In this case, the model cannot suitably fit the data
over the whole temperature range. A possible explanation for
the discrepancy could be the non-perfect correspondence be-
tween 1.764kBTc (with the above definition for Tc) and ∆Al.
Another possibility is that the deviation at high temperature
stems from the tails of the upward kinks of the L(I) graphs in
Fig. 2 of the main text.
Either way, we deduce a low temperature-limit for the in-
duced gap ∆∗(0)≈ 130 µeV. In fact, ∆∗(0) is mostly indepen-
dent from γB since its value is determined by the lower tem-
perature regime, where the temperature dependence in Eq. 3
is mainly given by the (1/2kBT ) factor in the tanh function,
while ∆∗ is still roughly temperature independent.
BIMODAL DISTRIBUTION OF CHANNEL
TRANSPARENCY
The method presented in this work makes it possible to ex-
tract the prefactor I0 in the current-phase relation for short-
ballistic junctions. Using I0 = Ne∆∗/h¯, we can extract the
number of channels N carrying the supercurrent. From the
zero-gate voltage and zero-temperature inductance measure-
ments we deduce ∆∗ = 129 µeV and thus N = 187. From the
Hall test measurement discussed in Fig. S1(b) extract λF =
18 nm at zero gate voltage. This leads to a number of trans-
verse channels N0 = 2w/(λF/2) ≈ 700, where w = 3.15 µm
is the Al island width and the prefactor 2 accounts for the spin
degeneracy. N0 is nearly four times N deduced from the induc-
tance measurements. We cannot exclude that the difference is
merely due to the highly critical etching process: this is in fact
very short and sensitive to the temperature of the etching bath.
Also, the electrostatic environment is different for the testing
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FIG. S5. (a) Perpendicular field dependence of the zero-bias Josephson inductance of 2250 junctions with the CPR described by Eq. 3 of
the main text, computed in the limit T → 0. Each curve corresponds to a different transparency coefficient τ¯ . For ease of comparison, the
curves have been rescaled to match the zero-field value of the τ¯ = 0.94 curve (this is equivalent to assume a different I0). Notice the marked
dependence on τ¯ . (b) This panel reproduce Fig. 3(b) of the main text, with the addition (dashed green line) of a curve showing a fit of the
experimental data using a sinusoidal CPR with the junction length a as a free fitting parameter (best fit for a= 548 nm). It is evident that not
only the resulting a does not match the lobe periodicity of the DC transport diffraction pattern (Fig.3(a) of the main text), but also that the
curve cannot capture all the experimental points. (c) As in (a) but now τ¯ = 0.94 while the current bias takes finite values. (d) Corresponding
experimental data measured in our array at T = 100 mK.
Hall bar and our array. Nevertheless, the difference between
N0 and N, together with works in the literature reporting a
bimodal distribution of transparency [39, 40], motivated us to
check what would be the contribution of a population of chan-
nels with small transparency to the inductance measurements.
We have thus repeated the same fitting procedure used
in Fig. 2(d) of the main text to extract τ¯ from the lowest-
temperature L(I) curve (at zero magnetic field and gate volt-
age). We recall that the normalization used in Fig. 2(d) makes
the graph sensitive only to the shape of the CPR (thus to τ¯)
and not to the prefactor I0. Here, instead of the CPR Eq. (3)
of the main text, we use a linear combination (with weight χ
and 1− χ) of two CPRs with high (τ¯ = τH ) and low (τ¯ = τL)
transparency, i.e.
I = I0[χ f (τH ,ϕ)+(1−χ) f (τL,ϕ)], (S.12)
where the function f is defined in Eq. 3 of the main text. The
results are shown in Fig. S7. We notice that our measure-
ment is insensitive to the introduction of additional channels
if (i) they are few with arbitrary transparency and/or (ii) many,
but with very low transparency τL. Since the transparency
cannot exceed unity, a solid result of our work is that there
are ≈ 187 channels carrying the supercurrent with near unity
transparency.
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FIG. S6. Resistance as a function of temperature for the full array.
The total resistance in the normal state is 157 kΩ, corresponding to
a normal resistance per junction of about 66 Ω (after subtracting the
contribution of the 2DEG under the Al islands). The temperature
corresponding to half of the normal resistance T0.5RN = 1.44 K is
taken as critical temperature.
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FIG. S7. The graphs show (symbols) the Josephson inductance as a function of current bias, measured at the lowest temperature (T = 100 mK)
with the same normalization used in Fig. 2(d) of the main text, together with the values (solid red lines) computed assuming the CPR in
Eq. S.12. While τH = 0.94 for all the panels, the values of χ and τL are: χ = 1 (a); χ = 0.95, τL = 0.50 (b); χ = 0.75, τL = 0.50 (c); χ = 0.25,
τL = 0.01 (d); χ = 0.25, τL = 0.03 (e); χ = 0.25, τL = 0.05 (f).
